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Abstract 
The ³feel´ of hitting a ball with a tennis racket has been quantified by vibrations to the hand and by the coefficient of restitution. 
As play styles are shifting toward hitting with topspin to the ball, the friction between the ball and racket surface, in other words 
tangential forces in the racket surface, is becoming another index to quantify the feel. In this work, we detect friction by attaching 
two strain gauges close to the center of right and left frames supporting the cross strings at the middle, and aim to understand the 
mechanism behind friction from the viewpoint of difference in the angle of incidence of the ball when impacting the racket 
surface. Results suggest that there is a critical angle of incidence between 45 and 30 degrees, and that this angle is related to the 
feel. 
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1. Introduction 
Tennis players sometimes hit the ball with spin, such as topspin. The difference in the feel when hitting with spin 
compared to the feel when hitting flat is related not only to the magnitude of impact and vibrations after hitting 
[4][5] but also to the properties of friction in the surface of impact [1][2][3]. Therefore, in this work we attach small 
strain gauges to strings, detect the strain in strings caused by the impact of a ball on the racket, and measure the 
friction in the racket surface from the difference in strain between the strain gauges. At the same time, we take 
images of the ball hitting the racket with a high-speed camera, and calculate the tangential impulse in the racket 
surface from the changes in rotation and velocity of the ball. We obtain difference in properties of friction with 
regard to the angle of impact between the ball and racket by comparing the impulse calculated from the ball images 
and impulse calculated from the frictional force. Understanding the properties of friction allow us to evaluate 
performance of the racket, and should be effective in designing rackets with better feel. 
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2. Methods 
2.1.  Detection of friction using strain gauges  
We attach two pairs of two strain gauges close 
to the right and left frames supporting the cross 
strings at the middle, as shown in Fig. 1. One pair 
(half bridge with two active strain gauges in 
opposite arms) is used to obtain the force normal to 
the racket from the strain (tension) in the string 
caused by impact of the ball. If forces parallel to 
the racket surface occurs when the ball impacts, i.e. 
if friction occurs, one cross string expands and the 
other contracts. The difference in strain (tension) is 
picked up by the other pair of gauges (half bridge 
with two active gauges in adjacent arms) to tabulate the friction of the ball parallel to the racket surface. 
    Two rackets (KTA105A from Gosen Co., Ltd.) with different string tension are used; racket A with 
35DynamicTension (about 55lbs.) and racket B with 26DynamicTension (about 42lbs.). 
2.2.  Estimation of friction from analysis of images  
Tennis balls are launched from the launcher at a velocity of about 16m/s, and 
collide into the surface to a racket mounted horizontally at different angles as 
shown in Fig. 1. The angle of incidence is taken as ș0, the angle of reflection ș1 
as shown in Fig. 2. The collision is recorded by a high-speed camera at 600 
frames per second. The four angles of incidence to be tested are 15°, 30°, 45° 
and 60°. 
 Taking the mass of the ball as m, moment of inertia I, radius r, and the 
vertical and horizontal velocity components before and after the collision as vv0, 
vv1 (vertical), vh0 and vh1 (horizontal), we obtain the vertical and horizontal 
components of the impulse S1 and S2 from equations 1) and 2). In addition, we 
calculate the angular momentum of the ball from the angular velocity after 
collision  (the ball is not rotating before collision), and divide by the radius of 
the ball r to obtain the impulse in the horizontal direction S2¶ as in equation 3). 
 Furthermore, the impulses S1f and S2f are obtained by integrating the vertical and horizontal components of the 
force waveform fv and fh as estimated by the strain gauges over time using equations 4) and 5).  
 In principle, the vertical impulses S1 and S1f from equations 1) and 4) should be equivalent, and the horizontal 
impulses S2, S2¶ and S2f from equations 2), 3) and 5) should match. However, in practice the values do not match due 
to deformation of the ball and nonlinearity in string tension.  
 We also calculate the change in coefficient of friction over time from the ratio of perpendicular to vertical 
components of the force waveform. 
m vv0 m vv1 S1       (1) 
m vh0 m vh1 S2               (2) 
I r S2 '                      (3) 
S1 f fvdt                       (4) 
S2 f fhdt                        (5) 
Fig.1. Schematic of the experiment launching a ball toward a racket at an angle 
Fig.2. Velocities of the ball before and 
after collision, and forces on the ball 
during collision 
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3. Results 
3.1.  Waveform of vertical and horizontal forces obtained from strain gauges 
The left side of Fig. 3 shows the force waveform as a function of time that is detected by the strain gauges 
attached to strings when the ball impacts racket B. The four figures from top to bottom corresponds to angle of 
incidence of the ball at 60°, 45°, 30° and 15° respectively. Solid lines indicate the vertical force, and the dashed line 
the horizontal force.  
The vertical force waveform at 60° indicates that the ball initiated contact with the racket at time 0[ms] and 
separated at about 6[ms]. The waveform vibrates at high frequency after separation, which we believe is from 
superimposition of high frequency waves in the string-bed surface and vibration of the racket frame. Comparing the 
maximum vertical force over different angles of incidence, the maximum force is at 60°, and the force decreases as 
the angle decreases toward 15°. However, the duration of contact between the ball and strings is independent of the 
angle of incidence at about 6[ms]. 
In the horizontal force waveform shown by the dashed line, for angles of incidence 60° and 45°, a strong peak of 
about 200[N] appears; at 3[ms] about half of the duration of contact, the force is 0[N]. For angles 30° and 15°, the 
peak value of the force is smaller, the waveform is smoother, and the duration of action is longer. This waveform 
implies the ball is rolling and slipping on the string-bed.  
The area under the waveforms can be considered as the impulse on the ball. Therefore, we integrate the 
waveform of the first large peak over time to calculate the vertical and horizontal components of the impulse S1f and 
S2f.  
The change in coefficient of friction over time, obtained by dividing the horizontal force by the vertical force, is 
shown on the right side of Fig. 3. The angles of incidence of the ball in the figures are 60, 45, 30 and 15 degrees 
from top to bottom respectively. The coefficient of friction is larger for 60 and 45 degrees, but after 3[ms] there is 
no friction on the ball. However, the overall coefficient of friction is smaller, and acts for a longer duration of about 
5[ms] for 30 and 15 degrees. These results suggest that the ball does not slip on the string-bed surface for angle of 
incidence 60 and 45 degrees, but slips with angles 30 and 15 degrees. Similar results were observed in experiments 
using racket A. 
3.2.  Impulse obtained from images 
The ball launched from the launcher hits the racket and reflect as shown in the photo (Fig. 4). We analyzed 
images to obtain the vertical velocities vv0 and vv1 and horizontal velocities vh0, vh1 before and after collision, and the 
angular velocity of the ball after collision . These values were inserted into equations 1), 2) and 3) to calculate the 
vertical and horizontal components of impulse.  
We were able to observe the ball rolling and slipping on the string-bed surface for angles of incidence 30° and 
15°. 
3.3.  Vertical component of impulse 
Fig. 5 shows the vertical component of impulse obtained by two methods. The impulse from analyzing images S1 
are shown with circles (Ɣ), and the impulse from measurements of tension in strings S1f are shown with squares (Ŷ). 
The top figure is results for racket A, and the bottom figure from racket B. The impulse calculated from the string 
tension is somewhat larger, but the two methods give similar trends. Therefore, it is thought that the impulse can be 
presumed by the string tension.  
3.4.  Horizontal component of impulse 
Fig. 6 shows the horizontal component of impulse obtained by three methods. The impulse calculated from 
analyzing images and measuring the change in momentum of the ball S2 are shown with circles (Ɣ), the impulse 
from angular momentum of the ball S2¶ are shown with diamonds (Ƈ) and the impulse from measurements of tension 
in strings S2f are shown with squares (Ŷ). The top figure is results for racket A, and the bottom figure from racket B. 
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Fig. 3. Left side: Vertical force (solid line) and horizontal force (dashed line) measured from the string tension. Right 
side: Coefficient of friction as a function of time. In both figures, the angles of incidence from top to bottom are 60, 
45, 30 and 15 degrees. 
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 Comparing the two impulses S2 (Ɣ) and S2¶ (Ƈ), S2 is 
slightly larger when the angle of incidence is 15 or 30 
degrees, however for 45 and 60 degrees S2¶ is about half of 
S2. The reason for this is that the ball is crushed by the 
surface of the string for 45 and 60 degrees, and as a result 
the actual radius of the ball is smaller than the original 
radius r, but calculations are conducted with the large r 
before crushing.  The values of S2 (Ɣ) and S2¶ (Ƈ) are similar 
for 15 degrees in both rackets A and B because the ball 
rolls on the surface of the string, causing little deformation.   
 Similarly, we compare the impulse obtained from 
tension in the strings S2f (Ŷ) and the impulse obtained from 
change in momentum of the ball S2 (Ɣ). The two values are 
similar for 45 and 60 degrees, especially for racket B in the 
bottom figure. However, the impulse S2f(Ŷ) is significantly smaller for smaller angles of incidence. One explanation 
for the low impulse is because horizontal forces do not act on the cross strings that the strain gauges are attached 
when the angle of incidence is small. If friction acts on the main strings and not detected at the cross strings, the 
calculated impulse will be small.  
 
 
Fig. 4. Images taken with 600 frames-per-second high-speed 
camera superimposed. 
Fig. 5. Vertical component of impulse obtained by change in 
vertical momentum from image analysis ƔYHUWLFDOLPSXOVH
IURPLQWHJUDWLRQRIWHQVLRQLQVWULQJVŶ7RSILJXUHUDFNHW$
bottom figure: racket B. 
Fig. 6. Horizontal component of impulse obtained by change 
in momentum from image analysis S2 (ƔKRUL]RQWDOLPSXOVH
obtained from angular momentum of the ball S2¶Ƈ), and 
horizontal impulse obtained from integration of tension in 
strings S2fŶ7RSILJXUHUDFket A, bottom figure: racket B. 
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The angle of incidence between the ball and racket is predicted to be larger than 30 degrees in actual play. 
Therefore, we expect that we can estimate the friction when the ball is hit with topspin by measuring the change of 
tension in the strings with the strain gauges. 
The following features are common to these two figures: the maximum impulse occurs at an angle between 30 
and 45 degrees if impulse S2(Ɣ) is regarded as a function of angle of incidence, and the lines connecting values for 
impulses  S2¶ (Ƈ) S2f(Ŷ) intersect between 30 and 45 degrees. 
4. Discussion 
 The following three phenomena are noteworthy observations: 1) the string tension waveform peak for 
tangential forces and coefficient of friction (Fig. 3) is smaller and broader when the angle of incidence is 30 or 15 
degrees compared to 60 or 45 degrees, 2) the impulse deduced from the velocity of the ball (Ɣ in Fig. 6) shows that 
the tangential impulse is maximized when the angle of incidence is between 45 and 30 degrees, making it possible to 
rotate the ball most, and 3) the ball deforms and sinks into the string-bed when the angle of incidence is 45 or 60 
degrees, but the ball does not deform much for 30 or 15 degrees. From these three observations, we deduce that the 
properties of friction are different when the angle of incidence is large (60 and 45 degrees) and when the angle is 
small (30 and 15 degrees), and there is a critical angle of incidence where the properties change between 30 and 45 
degrees.  
 This phenomenon may be similar to the general relationship between static and dynamic friction. However, the 
similarity is not simple because string-bed forms a lattice, and not only the ball but also the string-bed deforms upon 
impact. The fact that properties of friction change between angles of incidence 30 and 45 degrees, where the 
maximum tangential impulse can be exerted on the ball, means that the player needs much skill to delicately adjust 
the angle of incidence between the racket and the ball. Therefore, slight difference in the critical angle is related to 
the performance of the racket, and could also contribute to how the racket feels.  
 We believe that if the relationship between the critical angle and string tension or elasticity of the racket frame 
is understood better, the critical angle will be a measure in designing rackets with an improved feeling. 
5. Conclusion 
 In this work, we designed a method to measure vertical and horizontal forces in the surface of a racket in 
contact with a ball. Balls were launched from four different angles (15, 30, 45 and 60 degrees) toward a racket. We 
compared the impulse obtained by integration over time of the tension in the strings, the impulse derived from the 
change in angular momentum of the ball, and the impulse calculated from the velocities of the ball before and after 
impact. As a result, we predict the existence of a critical angle of incidence between 30 and 45 degrees where the 
properties of friction change. 
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